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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS

This research program focusses on the electronic structure aspects of radiationless decay
processes related to the stability and formation of high energy density matenals. We have also
begun theoretical studies on electronic nonadiabaticity in ion-molecule reactions. These studies are
enabled by a unique system of electronic structure algorithms, the BROOKLYN programs, which
we have developed over the last decade. These programs provide advanced capabilities for the
study of the electronic structure aspects of spin-forbidden and spin-allowed electronically
nonadiabatic processes. The methodology we have developed is based exclusively on large scale
configuration state function expansions (105106 terms). These methods, which we believe
define the state of the art in these areas, have permitted us to make significant contributions to the
understanding of electronically nonadiabatic processes. Problems of particular relevance to the
high energy density materials program include studies of the stability of the potential energetic
species a-N2O», tetrahedral N4 and the dication HS2+. We have also initiated a research program
in ion—molecule chemistry reporting for the first time a seam of crossings of two states of the same
symmetry for the prototypical charge transfer reaction H* + NO —» H + NO*.

Finally a new phase of program development has been initiated with the goal of extending
our capabilities for the direct determination of actual/allowed/avoided crossing hyperlines and
hyperplanes. The algorithms under development will permit systematic determination of (1)
actual/allowed crossing seams passing through a minimum energy crossing point and (ii) avoided
crossing seams as a function of an arbitrary set of internal coordinates. This program
development, which will be completed during our present AFOSR sponsored research program,
will provide powerful new tools for the study of spin-forbidden and spin-allowed electronically
nonadiabatic processes in polyatomic systems.
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SUMMARY

This research program focusses on the electronic structure aspects of radiationless decay
processes related to the stability and formation of high energy density materials. We have also
begun theoretical studies on electronic nonadiabaticity in ion-molecule reactions These studies are
enabled by a unique system of electronic structure algorithms, the BROOKLYN programs, which
we have developed over the last decade. These programs pruvide advanced capabilities for the
study of the electronic structure aspects of spin-forbidden and spin-allowed electronically
nonadiabatic processes. The methodology we have developed is based exclusivelv on large scale
configuration state function expansions (105-106 terms). These methods, which we believe
define the state of the art in these areas, have permitied us to make significant contributions to the
understanding of electronically nonadiabatic processes. Problems of particular relevance to the
high energy density materials program include studies of the stability of the potential energetic
species a-N20O3, tetrahedral Ny and the dication HS2+. We have also initiated a research program
in ion—molecule chemistry reporting for the first time a seam of crossings of two states of the same
symmetry for the prototypical charge transfer reaction H* + NO — H + NO*.

Finally a new phase of program development has been initiated with the goal of extending
our capabilities for the direct determination of actual/allowed/avoided crossing hyperlines and
hyperplanes. The algorithms under development will permit systematic determination of (i)
actual/allowed crossing seams passing through a minimum energy crossing point and (ii) avoided
crossing seams as a function of an arbitrary set of internal coordinates. This program
development, which will be completed during our present AFOSR sponsored research program,
will provide powerful new tools for the study of spin-forbidden and spin-allowed electronically

nonadiabatic processes in polyatomic systems.




TECHNICAL REPORT

One of the principal aspects of our research program has been the development of new
theoretical tools for treating spin—forbidden and spin-allowed electronically nonadiabatic
processes. These tools have then been used to study, the stability and/or decay mechanisms of
potential high energy density matenials(HEDM's) and, ion-molecule chemistry. We believe that as
a result of computational limitations the electronic structure aspects of these imponant classes of
chemical problems had received inadequate treatment. The methodology we developed is based
exclusively on large scale configuration state function expansions (10°-100 terms). These
methods, which we believe define the state of the art in these areas, have permitted us to make
significant contributions to the understanding of radiationless decay processes and electronically
nonadiabatic chemical reactions. Below we outline the methods we have developed and their
applications in the HEDM and ion-molecule chemistry programs.
I. METHODS: SPIN-FORBIDDEN PROCESSES

Our studies in the area of spin-forbidden chemistry employ the Breit-Pauli approximation'

and consider those interactions which lift the 25+1 degeneracy associated with the total electron

spin quantum number, S. These interactions are the full microscopic spin-orbit interaction Hs©:

H = EN:hso(i)_si + ihs""(l”j).(si +25/_) 1.1

i=1 ij=1
and the dipolar spin-spin interaction HsS

N
H® =Ys,-h*(i,j)s, 1.2

i.j=l
where h39(1), h$00(i,j), and h$3(i,j) are the microscopic spin-orbit, spin-other-orbit, and dipolar
spin-spin interactions' and we write HBP= Hs0 + Hss,
(A) Methodology
Our treatment of these interactions is unique in two ways. We use the symbolic matrix
element methods originally introduced in the treatment of the nonrelativistic Born Oppenheimer

2

hamiltonian HO by Liu and Yoshimine“ to evaluate the matrix elements of Hs03and Hss* in the N-

electron configu. ation state function (CSF) space. This enables the use of large scale CSF spaces




(105109 terms) to characterize these interactions. These spaces are one to two orders of
magnitude larger than those accessible using previously existing methods 3-6 and this capability
has improved significantly the reliability of theoretical work in this area.

The second unique aspect of our approach involves the manner in which the relativistic
wavefunction is obtained from the zeroth order nonrelativistic {configuration interaction (CI)}
wavefunction 78 Within the context of the Breit-Pauli approximation the relativistic
wavefunction, ¥ (1), is obtained from the zeroth order nonrelativistic wavefunction, ¥0(1), using
perturbation theory. In order to aliow for the possibility of intersections or near intersections of
potential energy surfaces we have developed an approach based on quasi-degenerate perturbation
theory. The description which emerges from this formalism expresses the electronic
wavefunctions as a linear combination of dressed diabatic wavefunctions [¥4(1)]

YD =Y D)+ (D) 1.3
where WO(K) satisfies the nonrelativistic Schrodinger equation

[HO - EOM¥OM) =0 1.4
and the dressing term, ‘I’é’" (I) represents the perturbation of the (diabatic) quasidegenerate state
wo(1) by states outside the quasidegenerate space and satisfies

[H° - E° (D))" (1) = -QH®"¥° (1) 1.5
where Q projects onto the orthogonal complement of the quasidegenerate space. The
quasidegenerate dressed diabatic states P4(I), the analogues of the ¥0(1) in eq. 1.4, are mixed by
the Breit-Pauli interaction HBP, This mixing is given by a secular equation with the dimension of

the quasidegenerate space and having the form:

0
H,-E H,, H y 4(1) 0]
: H,,-E =] 1.6
Hy, Hyum - EA¥4M) OJ

where H, , = (‘P"(l )IH "+ H BPI‘P“(J )) . Since the coupling between the states Wd(I) originates
from a potential term HBP rather than the derivative coupling terms, to be discussed subsequently,

the \P4(I) are referred to as diabatic states.




This approach is to distinquished from the commonly used approach 9 in which eq. 1.51s

replaced with a spectral expansion of ¥, (/)

(PP D) 4 L7

\Pé'd([) = 1§Q EO(K)“‘ Eo(l)

This procedure is unsatisfactory owing to the need to drastically truncate the sum ineq. 1.7. The
use of eq. 1.5 in licu of eq. 1.7 has improved considerably our ability to predict rates for spin-

forbidden dipole-allowed radiative decay processes.

II: NONADIABATIC PROCESSES

A:  Determination of Seams of Avoided/Actual Crossings Seams Using Analytic Derivative
Techniques

When considering the stability of energetic local extrema on the ground potential energy
surface one must consider the possibility of interactions with nominally excited potential energy
surfaces as these interactions may lead to dissociation channels for the metastable energetic
species. Yet in the absence of simplifications attributable spacial symmetry such regions of
nuclear coordinate space are difficult to isolate. On the basis of these simple observations rests the
need for an algorithm for the determination of regions of close approach of two potential energy
surfaces. Regions of close approach can be classified as actual/allowed/avoided surface
crossings. Actual (allowed) surface crossings represent the intersection of two potential energy
surfaces of the same (different ) symmetry. The set of all such points forms a surface of
dimension N-2 (N-1) where N is the number of internal nuclear degrees of freedom. Actual
crossing are permitted by the multidimensional breakdown of the vonNeumann-Wigner
noncrossing rule.© Since the multidimensional breakdown of the noncrossing rule permits bur
does not guarantee the existence of actual crossings, actual crossing seams can merge smoothly
into avoided crossing seams of the same dimension. Our capability for the determination of seamns
of avoided/actual surface crossings rests on an isomorphism connecting the equations used in

constructing energy gradients, energy difference gradients and the (CI contribution) to the first




derivative nonadiabatic coupling matrix elements.!! The essential elements of this isomorphism
are outlined below.
We are required to construct a generalized first derivative with respect to the internal

coordinate Ry. This quantity has the form

o
4R = QR + QY (R) 2.1
where the first term gives the contribution attributable to changes in the atomic orbital integrals
05 =Y p) 1+ Y PGk 2.2
i ik

and the second term gives the contribution attributable to changes in the molecular orbitals
¢ U yre
Qu —ZLij Uij . 2.3
L}

Here pinJ and PinJkl, defined further below, are generalized one and two particle density matrices for

multireference CI wavefunctions WO(I) and ¥0(J) and the generalized Lagrangian LU is given by

LY, =2[2p§ hy + 2> Ph(mjl kl)} : 2.4
]

jk1
In the above h® and (ijllkl)* are the derivatives of the standard one and two electron integrals with
respect to Rg, and the U%(R) represent the derivati ves of the molecular orbital coefficients, that is

P
R,

d
aR,

6B = Y, 0,nRU; +Z[ xj(r-;R)]rji(R> 25

where ¢(r;R) [¢(r;R)] are the molecular ( atomic ) orbitals and t(R) expresses the molecular
orbitals in terms of the atomic orbital basis. The U%(R) are determined from the coupled perturbed
state averaged MCSCF cquations.lz* 3. 14

Eqgs. 2.1-2.4 constitute the aforementioned isomorphism. The desired derivative quantities
are obtained by replacing the general density matrices p and P with specific density matrices as
given below:

E'(R): standard density matrices'>" 16

a) Energy Gradient
(a) Energy IR,

1 I 1 1
Pi; — Y, and Pijkl - rijkl'




d L
x, E'(R)-

d
JR

a

qg(R) - V¥R) ;

az AE" (R) : difference density matrices

I J I JJ
plj_) ‘Y}_] Yl‘ and I‘Lkl ki

d
3K, ——AEY(R) = g3(R)

where AED(R)=Ej(R)-E;j(R); and

(b) Energy Difference Gradient

qa(R) =

(c) Derivative Couplings <‘P,°(r;R)bZ— ‘I‘,"(r;R)> : transition density matrices
] J
plj—) ’Y:) and Plljkl — rukl’
qa(R)/AEU(R)-» U R)

with the complete first derivative nonadiabatic coupling matrix element fg (R)=

a
¥ (r:R)—
< , (r )laR

o

¥ (r; R)> given by: 13- 17

PR =YL R) + I (R) 2.6

where

T R= 21 4R 27

and

d*(R) = < (r; R)] ¢,(r; R)> . 2.8

R,
The antisymmetric matrix d*(R) is readily determined from eq. 2.5 once the U%(R) are available.
The direct determination of the energy difference gradient is the key to our algorithm for the
efficient determination of actual/avoided surface crossings.“ This intersurface feature is obtained
by minimizing AEU(R)?2 using a Newton-Raphson procedure. The requirement that AEU(R)Z be a
minimum yields:

d

= —AEY (R)’ =2AE" R)g R)=0 . 2.9

Eq. 2.9 shows that both avoided and actual surface crossings can be obtained from the same

algorithm and evinces the role of the energy difference gradient in such a procedure.



B:  Determination of the Minimum Energy Crossing Point on the Surface of Intersection of
Two States of Different Spin-Multiplicity Using Analytic Denvative Techniques

When considering a nonadiabatic processes involving states of different spin-multiplicity
one is only concemed with allowed surface crossings. The minimum energy point on the surface
of intersections represents a key bottleneck along the minimum energy path in a spin-forbidden
process and frequently represents the barrier for this process. Thus the direct ~haracterization of
this point is an essential first step in any reatment of a spin-forbidden electronically nonadiabatic
process.

The straightforward procedure that has been used in the past to locate the minimum energy
point,18 the indirect determination of this point, initially determines the crossing surface and then
characterizes its minimum. This procedure is computationally costly since for a system with N
internal degrees of freedom a crossing subsurface, or hyperplane, of dimension N-1 must be
determined and analyzed. Thus the determination of this point represents a significant
computational bottleneck. However this bottleneck can be avoided. The minimum energy
crossing point can be determined directly, that is without prior determination of the surfice of

intersection itself, using a Lagrange-Newton procedurelg which minimizes the quantity

LI (RA) = E)R) + AEXR) - E(R)] 2.10a
= EXR) + ME/(R) 2.10b
where R denotes the nuclear coordinates and A is a Lagrange multiplier. Expanding eq. 2.10 to
second order yields the Lagrange-Newton equationsl 1.19.20
WR.A)  g"(R)JOR | (g'(R)+2g"(R) -
gll (R)? 0 SA - AE" (R) )
where 3R =R'-R, 8\ =A'-A,
IL,RA) 2
i _ A) ! Iz
T A L

and the gradients are defined as




JAE, (R)

2 (R)= ¢, (R) - gl (R) = —2— 2.13
g, (R)=g,(R)- g (R) R, 13y
and
0
g;(R)=-‘?—§—fk@l 213

We have implemented an algorithm for the solution of eq. 2.11 in which the gradients. eq.
2.13, are evaluated, for MCSCF/CI wavefunctions, using analytic denvative techniques (eqs. 2.1-
2.4). 1. 21 WSB(R.X) is deternuned using a forward or a centered difference of g,{l5 + A g:;, that 1s:

Wi(RA)= {[g}(R+eI“)+ Ags (R+ el“)] —[g,’,(R) + Ag,’,’(R)]} /€ 2.14a

or

={[ep R+ &%)+ Ag) R+ e1°)] - [g (R - 1) + Agy (R - eI“)]} 1 2¢ 2.14b

where I® is a unit vector along the direction Rq.

The use of analytic gradient techniques permits the solution of eq. 2.11 in the full nuclear
coordinate space. An analysis of the nuclear configuration and wavefunctions at the minimum
energy crossing point can provide valuable mechanistic insights into a spin-forbidden reaction.”! %
I1I. APPLICATIONS
A. High Energy Density Materials
(i): Stabilitv of Dications with Respect to Spin-Forbidden Radiauve Decay

In a rccent combined theoretical/experimental study at the University of Colorado at
Boulder Miller et al.* reported the existence of the dication HS2+. The vibrational levels of the
state observed, the X2I1 electronic state, must be metastable with a lifetime greater than 10 psec to
be detected in their experiment. Using large scale complete active spac:c(CAS)25 '27/conﬁguration
interaction(CI) wavefunctions these authors determined the potential energy curve for the X2[1
state (see figure below). They showed that the barrier in the X2I1 potential energy curve,
attributable to an avoided crossing between 211 states correlating with H*S* and HS?*. can
support eight quasibound vibrational levels. Tunneling on the X2I1 potential energy curve limits

the lifetime of the vibrational levels with v25 to 100usec or less. However these authors also




determined that a dissociative 4X- electronic state crosses the bound X2IT state at R=1.81A
(3.42ag) at an energy above that of X2I1, v=1 level. This crossing provides an additional decay
channel for the vibrational levels of the X2I1 state resulting from the spin-orbit perturbation
X2[1~142-.

As part of collaboration with the Boulder group we undertook a study of the efficacy of this
mechanism using a combination of ab initio electronic structure, and coupled state nuclear
dynamics, calculations. The following figure summarizes the results of our ab initio calculations
which determined both the potential energy curves for the X2I1 and 14Z- states as well as the

requisite spin-orbit coupling H*’(1*Z5 X T,) = <‘l‘(14 ) | ] Y(X 1, )> :
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Using this data the radiationless decay lifetimes were determined within a Hund's case (a)
approximation. The most important conclusion of this study is that the /43~ ~ X211 state
interaction significantly shortens the single state tunneling lifetimes of the vibrational levels of

the X2I1 state reported by Miller et al. Despite the fact that the radiationless decay of the v=0, 1

10




levels is due to spin-orbit induced tunneling we find that only the v=0 level wiil be observable
on the time scale of the above noted experiment.
(i)):  Spin-forbidden Radiationless Decay in Tetrahedral Ng.

The potential energetic material tetrahedral N428 has been the subject of several recent high
quality theoretical studies?® 2% 30 that have demonstrated that this species is in fact a local
minimum on the lowest LA’ potential energy surface. However this species has yet to be
synthesized. The barrier to spin-allowed decay of N4

Na(lAD) — Na(XIZ)) + No(X 12D 3.1a
is approximately 61kcal/mol.30 It has been suggestcd30 that the spin-forbidden decay channel
Na(AD = NaGA") - Np(X1Z)) + Na(AIED) 3.1b
limits the lifetime of tetrahedral N4 and is therefore responsible for the inability to synthesize this
species.

The decay channel given by eq. 3.1b had not been previously investigated. Our treatment
of this system21 found, using eq. 2.11 and multireference CI expansions with over 400,000 terms,
that the minimum energy crossing point of the LA’ and 3A" potential energy surfaces is only
28kcal/mol above the ! A} minimum on the ! A’ potential energy surface corresponding to
tetrahedral N4! This important finding means that, (i) the lowest vibrational levels of Ny are
unlikely to be predissociated by this mechanism, and (ii) spin-forbidden radiative decay must be
considered in any realistic treatment of the lifetime of tetrahedral N4. We intend to pursue this
point further using a golden rule wavepacket method for determining the radiationless decay rate.’!
This method should be computationally tractable for a polyatomic system since the wavepacket
need only be propagated for a short time on the dissociative surface. 3!

(i)  On the Stability of a-NyO2

The asymmetric dimer of NO, a-N2O», had previously been suggested by Michels and
Montgomery as a potential energetic material.>? In collaboration with Mark Gordon's group at
Iowa State University and Michels and Montgomery the stability of this system with respect to the

exoergic but spin-forbidden radiationless decay process

11




a-N2O2(1A) — N202(3A™) — NpO(X1Z+) + O(3P) 32
was considered. Large scale mulareference configuration interaction wavefunctions, comprised
of approximately 300,000 —1,400,000 configuration state functions, based on double zeta
polarization and triplet zeta polarization bases were used to study this process. The minimum
energy crossing of the ground singlet 1A', and the lowest excited triplet 3A", potential energy
surfaces was determined as was the interstate spin-orbit coupling.

a-N7O; is perhaps best described as O(1D) datively bound to NoO(X!Z+). A low-lying
triplet state correlating with NoO(X1Z+) + O(3P) was found to intersect (at a geometrical
arrangement labelled MEX) the 1A' potential energy surface only 1.0 — 2.0 kcal/mol above the a-
N20» equilibrium structure, denoted MIN(1A"). MIN(1A") and MEX differ only in R(0!-02)
which increases by 0.12A going from MIN(!A") to MEX. The spin-orbit coupling H;® was found
to be large in this region, H;° ~ 75cm~!. The structural similarity among MIN(!A"), MEX and
isolated NpO(X1Z+) permits the spin-forbidden predissociation to be studied using a simple one-
dimensional model. This model predicts that a-N7O, will be rapidly (on the order of picoseconds)

dissociated to NpO(X!Z+) and O(3P) as in eq. 3.2 and thus is NOT a HEDM candidate.
B. Ion-Molecule Chemistry

33348+ L A 5B+ A% is perhaps the archetypical example
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The charge transfer reaction,
of an electronically nonadiabatic process”™ involving a transition between the electronic potential
energy surfaces corresponding to B* + A and B + A*. Such processes play an important role in
the chemistry of the upper atmosphere.

@) Actual/Allowed Crossing Seams in the Reaction H* + NO — H + NO+

The location of the nuclear configurations for which the potential energy surfaces are in
close proximity is of prime importance in elucidating the mechanism of a charge transfer process.
In the frequently studied charge exchange systems (ArH2)* and (ArN2)* (Ref.36 ) the regions of
close approach are characterized by symmetry allowed surface crossings of the relevant potential

energy surfaces. Here symmetry allowed, or just allowed, surface crossings refer to crossings of

adiabatic electronic states of different symmetry. Crossings of potential energy surfaces
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corresponding to adiabatic electronic states of the same symmetry are normally considered rare and
are usually ignored in discussions of charge transfer phenomena. Actual crossing seams are
difficult to locate because they represent surfaces of intersection of dimension N-2 whereas for
allowed crossings the surfaces of intersection are of dimension N-1. In fact it was not until 1990
that instances of actual crossing seams based on MCSCF (for 03)*7 and MCSCF/CI (for He-
H2)3'8 wavefunctions were reported. These examples had been the only reported instances of
actual crossing seams based on MCSCF/CI wavefunctions. No examples of actual ~rossing seams
relevant to charge transfer reactions existed despite the long history of theoretical studies of this
class of pro<:esscs.3’4

In our initial study of the portotypical charge transfer system , HNO* | an actual crossing
seam of two potential energy surfaces of the same symmetry relevant to the charge transfer reaction
H+ + NO(X2IT) — H(2S) + NO*(X1Z+) was located.3 This crossing seam, R(R)=[R,r(R),
¥(R)] occurs for general Cg geometries. It represents the intersection of the 1,2 2A’ potential
energy surfaces which correlate asymptotically with H(2S) + NO*+(X12+) and H+ + NO(X2IT)
respectively. For R~2.45-3.65ag the seam is exoergic relative to the reactant channel asymptote,
H* + NO(X2IT). The present results complement a previous40 determination of two allowed
crossing seams in Coy symmetry. Thus these results provide, for the first time, an example of (i)
an actual ( as opposed to an allowed) crossing seam for a charge transfer reaction and (ii) a system
for which both allowed and actual - energetically accessible- conical intersections exist. The actual
crossing seam occurs for geometrical configurations in which H* approaches NO approximately
perpendicular to the NO internuclear axis. These configurations are quite distinct from the
previously determined allowed crossing seams which correspond to collinear approach. Thus
these results are expected to have important implications for the energy redistribution which
accompanies charge transfer. The incorporation of this actual crossing seam into any set of
potential energy surfaces used to describe the charge wransfer process appears essential. It will be

quite interesting to see whether this feature is to be found in other charge transfer reactions.

IV. FUTURE DIRECTIONS
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The research completed during the course of this grant has suggested the need for
additional methods development and applications. These future research directions are indicated
below. The question of spin-forbidden radiationless decay in energetic species appears to be a
fairly general one. The methodology developed as part of this grant for the direct determination of
the minimum energy crossing point can provide considerable insight into the feasibility of a spin-
forbidden process, particularly when this point turns out to be the barrier for this process.
However to enable studies of the dynamics of these processes or when the barrier does not
correspond to the minimum energy crossing point it is necessary to determine more of the crossing
hypersurface. To this end a new phase of program development has been initiated with the goal of
extending our capabilities for the direct determination of actual/allowed/avoided crossing hyperlines
and hyperplanes. The algorithms under development will permit systematic determination of (i)
actual/allowed crossing seams passing through a minimum energy crossing point and (ii) avoided
crossing seams parametrized by an arbitrary set of internal coordinates. This program
development, to be completed during our present AFOSR sponsored research program, will
provide powerful new tools for the study of spin-forbidden and spin-allowed electronically
nonadiabatic processes in polyatomic systems.

Recent theoretical work in other laboratories serves to motivate applications of the methods
developed in our research program. Sophisticated theoretical methods have suggested the

r‘“‘ 42 and a metastable dication

existence of additional metastable geometrical isomers of NO dime
of 0443 (isoelectronic with N2O») has also been predicted. It will be important to learn whether

spin-forbidden radiationless decay plays a significant role in limiting the lifetime of these species.

14




REFERENCES

1.

(Y. I - VS B

10.
1.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.
23.

H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One and Two Electron Atoms.
(Plenum/Rosetta, New York, 1977) .

B. Liu and M. Yoshimine, J. Chem. Phys. 74, 612 (1981).
D. R. Yarkony, J. Chem. Phys. 84, 2075 (1986).
J. O. Jensen and D. R. Yarkony, Chem. Phys. Leu. 141, 391 (1987).

B. A. Hess, R. J. Buenker, C. M. Marian, and S. D. Peyerimhoff, Chem. Phys. Lett. 89,
459 (1982).

B. A. Hess, R. J. Buenker, C. M. Marian, and S. D. Peyerimhoff, Chem. Phys. 71. 79
(1982).

S. J. Havriliak and D. R. Yarkony, 3. Chem. Phys. 83, 1168 (1985).
D. R. Yarkony, J. Chem. Phys. 89, 7324 (1988).

S. R. Langhoff and C. W. Kern, Molecular Fine Structure, in Modern Theoretical
Chemistry, edited by H. F. Schaefer (Plenum, New York, 1977), Vol. 4, p. 381 .

G. Herzberg and H. C. Longuet-Higgins, Disc. Faraday Soc. 35, 77 (1963).

D. R. Yarkony, J. Chem. Phys. 92, 2457 (1990).

M. Page, P. Saxe, G. F. Adams, and B. H. Lengsfield, J. Chem. Phys. 81, 434 (1984).

B. H. Lengsfield, P. Saxe, and D. R. Yarkony, J. Chem. Phys. 81, 4549 (1984).

B. H. Lengsfield and D. R. Yarkony, J. Chem. Phys. 84, 348 (1986).

E. R. Davidson, Reduced Density Matrices in Quantum Chemistry, (Academic, NY, 1976).

R. McWeeny and B. T. Sutcliffe, Methods of Molecular Quantum Mechanics, (Academic
Press, London, 1969) .

P. Saxe, B. H. Lengsfield, and D. R. Yarkony, Chem. Phys. Lett. 113, 159 (1985).

M. H. Alexander, H.-J. Werner, T. Hemmer, and P. J. Knowles, J. Chem. Phys. 93, 3307
(1990).

R. Fletcher, Practical Methods of Optimization, (John Wiley, New York, 1981), Vol. 2.
N. Koga and K. Morokuma, Chem. Phys. Lett. 119, 371 (1985).

D. R. Yarkony, J. Amer. Chem. Soc. 114, 5406 (1992).

M. R. Manaa and D. R. Yarkony, J. Chem. Phys. 95, 1808 (1991).

M. R. Manaa and D. R. Yarkony, Chem. Phys. Lett. 188, 352 (1992).

15




24.

25.
26.
27.
28.
29.
30.
31

32.

33.

34.

35.

36.

37.
38.
39.
40.
4]1.

42.

43.

P. J. Miller, S. A. Rogers, J. Senekowitsch, S. V. ONeil, S. R. Leone, H.-J. Wemer, and
P. J. Knowles, Int. J. Mass Spectrom. lon Processes 100, 505 (1990).

P. Siegbahn, A. Heiberg, B. Roos, and B. Levy, Phys. Scr. 21, 323 (1980).

B. O. Roos, P. R. Taylor, and P. E. M. Siegbahn, Chem. Phys. 48, 157 (1980).

B. O. Roos, Int. J. Quantum Chem. Symp 14, 175 (1980).

W. J. Lauderdale, J. F. Stanton, and R. J. Bartlett, J. Phys. Chem. 96, 1173 (1992).
M. M. Francl and J. P. Chesick, J. Phys. Chem. 94, 526 (1990).

T. J. Lee and J. E. Rice, J. Chem. Phys. 94, 1215 (1991).

P. Villarreal, S. Miret-Artes, O. Roncero, G. Delgado-Barrio, J. A. Beswick, N.
Halberstadt, and R. D. Coalson, J. Chem. Phys. 94, 4230 (1991).

H. H. Michels and J. J. A. Montgomery, J. Chem. Phys. 88, 7248 (1988).

State-Selected and State-to-State lon-Molecule Reaction Dynamics: Part 1
Experiment, in Advances in Chemical Physics, edited by M. Baer and C.-Y. Ng (John
Wiley and Sons, New York, 1991), Vol. 82, .

State-Selected and State-to-State lon-Molecule Reaction Dynamics: Part 2 Theory, in
Advances in Chemical Physics, edited by M. Baer and C.-Y. Ng (J. Wiley and Sons, New
York, 1992), Vol. 82, .

J. C. Tully, Nonadiabatic Processes in Molecular Collisions, in Modern Theoretical
Chemistry, edited by W, H. Miller (Plenum, New York, 1976), Vol. 2, p. 217 .

E. A. Gislason, G. Parlant, and M. Sizun, The Semiclassical Time-Dependent Approach
to Charge-Transfer Processes, in State-Selected and State-to-State lon-Molecule
Reaction Dynamics, edited by M. Baer and C.-Y. Ng (John Wiley, New York, 1992) |
Vol. 82, p. 321 .

S. Xantheas, S. T. Elbert, and K. Ruedenberg, J. Chem. Phys. 93, 7519 (1990).

M. R. Manaa and D. R. Yarkony, J. Chem. Phys. 93, 4473 (1990).

M. K. Manaa and D. R. Yarkony, J. Chem. Phys 97, 715 (1992).

D. R. Yarkony, J. Chem. Phys. 90, 1657 (1989).

M. S. Gordon, N. Matsunaga, K. A. Nguyen, H. H. Michels, and J. A. Montgomery
Abstracts of the High Energy Density Materials Contractors Meeting, 1992, .

K. A. Nguyen, N. Matsunaga, M. S. Gordon, J. A. Montgomery, and H. H. Michels, in
preparation.

W. C. Lineberger, S. R. Leone, and S. V. ONeil Abstracts of the High Energy Density
Materials Contractors Meeting, 1992, .

16




PUBLICATIONS

Review Articles

1.

2.

Nonadiabatic Interactions Between Potential Energy Surfuces: Theory and
Applications

B. H. Lengsfield and D. R. Yarkony, Advances in Chemical Physics: State-Selected and
State to State Ion-Molecule Reaction Dynamics: Theory, Part I1, eds. C. Y. Ng and M. Baer,
(John Wiley and Sons, New York, 1992), vol 82.

Spin-forbidden Chemistry Within the Breit-Pauli Approximation
D. R. Yarkony, Int. Reviews of Phys. Chem. 11, 195 (1992).

Journal Articles

2.

6.

t7.

8.

On the Noncrossing Rule in Polyatomic Systems:Determination of a Seam of Actual Surface
Crossings Relevant to the Quenching of Hy(B!Z ) by Helium
M. R. Manaa and D. R. Yarkony, J. Chem. Phys. 93, 4473 (1990)

Spin-Forbidden Decay of the Dication HS2+
Gérard Parlant, Jorg Senekowitsch, Stephen V. ONeil, David R. Yarkony, J. Chem. Phys.,
94,7208 (1991).

On the Mechanism of the Reaction CH(X2IT)+ N2(X!Z") — HCN(X!Z*)+N@“S). I: A
Theoretical Treatment of the Electronic Structure Aspcc%s of the Intersystem Crossing
M. Riad Manaa and David R. Yarkony, J. Chem. Phys., 95, 1808 (1991)

A Theoretical Treatment of the a’Z; — X!Z[, Spin-Forbidden Dipole-Allowed Radiative
Transition in NO*
M. Riad Manaa and David R. Yarkony, J. Chem. Phys.,95, 6562 (1991)

On the Mechanism of the Reaction CH(X2[1)+ Ng(Xl):;) — HCN(XIZ*)+N(4S). II:The
Intermediate Complex Region,
M. Riad Manaa and David R. Yarkony, Chem. Phys. Lett., /188,352 (1992).

Theoretical Studies of Spin-Forbidden Radiationless Decay in Polyatomic Systems: Insights
from Recently Developed Computational Methods
David R. Yarkony, J. Amer. Chem. Soc., 114, 5406, (1992)

On the Intersection of Potential Energy Surfaces in Charge Transfer Reactions: A Crossing
Seam for Two States of the Same Symmetry in the Reaction H* + NO(X2[T) - H +
NO+H(X1Z+)

M. R. Manaa and D. R. Yarkony, J. Chem. Phys., 97, 715 (1992).

Theoretical Studies of Spin-Forbidden Radiationless Decay in Polyatomic Systems 1I:

Radiationless Decay of a-N2Op
Kiet A. Nguyen, Mark S. Gordon, John A. Montgomery, Jr., H. Harvey Michels and David
R. Yarkony, J. Chem. Phys. (March 1993)

tReprint included with this report.

17




PERSONNEL

The following scientists have contributed to work performed during the course of this
grant.

Dr. M. Riad Manaa
Department of Chemistry
Johns Hopkins University
Baltimore, MD 21218

Dr. Gérard Parlant
Department of Chemistry
Johns Hopkins University
Baltimore, MD 21218

Professor David R. Yarkony
Department of Chemistry

The Johns Hopkins University
Baltimore, MD 21218

18




INTERACTIONS

The following invited talks were given by the principal investigator based on work
performed during the course of this grant.

1. The Electronic Structure Aspects of Spin-Forbidden and Electronically Nonadiabatic

2

(98]

Processes

presented at

1990 Gordon Conference on Atomic and Molecular Interactions
Salve Regina Academy

Newport , RI

July 29-August 3, 1990

. Theoretical Studies of Electronic Energy Transfer: The Role of Allowed and Avoided
Surface Crossings

presented at

Information Exchange Seminar on: Theoretical Approaches to Energy
Transfer and Photochemical Processes

Queen Kapioloani Hotel

Honolulu, Hawaii

December 27-30, 1990

. Theoretical Studies of Spin-Forbidden and Electronically Nonadiabatic Processes:
Actuall/Avoided Surface Crossings and Spin-Forbidden Radiatioless Decay in Dications

presented at

Proceedings of the High Energy Density Matter (HEDM) Conference
Albuquerque Marriot Hotel

Albuquerque, NM

February 24-27, 1991

4. Theoretical Studies of Spin-Forbidden and Electronically Nonadiabatic Processes:

W

o))

presented at

ACS Symposium: State-to-State Dynamics on Multiple Potential Energy
Surfaces

Sheraton Hotel

San Francisco, CA

April 5-10, 1992

. Electronic Structure and Dynamical Aspects of Non-Born-Oppenheimer Processes in the
Adiabatic States Basis

presented at

31st Sanibel Symposium: Non-Bom-Oppenheiner Methods
Ponce de Leon Resort and Conference Center

St. Augustine, FL.

March 14-21, 1992

. Radiationless Decay of Energetic Materials

presented at

Proceedings of the High Energy Density Matter (HEDM) Conference
Antelope Valley Inn and Conference Center

Lancaster, CA

April 12-15, 1992

19




